Cs-adsorbed aerosols.
Introduction
The Fukushima Daiichi nuclear plant accident caused widespread contamination with the release of radioactive materials into the environment [1, 2] . Moreover, tap water was considerably contaminated by radioactive iodine from March to April [3] . A simple and cheap method of radioactive iodine removal was required at that time . Usually, iodine is captured by activated carbon [4] and iodide is captured by an ion exchange resin . Although we attempted to remove radioactive iodine and iodide using a pot-type water purifier, it was not easy to obtain sufficient amount of contaminated tap water for use in the removal experiments . Therefore, rainwater samples containing radioactive materials from Fukushima prefecture and the Tokyo metropolitan area were used in this study . The radioactive materials in rainwater include several chemical species such as iodine, iodide, cesium ion, and their adsorbed particles such as aerosol [2] .
In this study, nonradioactive iodine solution was tested using a pot-type water purifier, and the capture of radioactive iodine in rainwater was investigated using the pot-type water purifier.
The removal rate was determined from repeated purifications.
The removal of the remaining radioactive iodine by isotope exchange with nonradioactive I -, reduction to I -using Na 2 S 2 O 4 , and adsorption by silica gel was explored . Furthermore, each species in rainwater was evaluated by separating it to clarify the remaining components as follows . The selective capture of iodide, iodine, and cesium ions was carried out using an ion exchange resin, silver ions, and clay, respectively . The concetration of radioactive iodine in rainwater was determined by ultrafiltration using a YM-1 membrane filter, was carried out, and the Imaging Plate (IP) and g-ray spectrum of the filter were measured . Transmission electron microscopy (TEM) observa tion and measurement of the electron diffraction pattern of the filter were performed and the results were analyzed . On the basis of these results, the coagulation of radioactive components in rainwater using I-adsorbed SiO 2 nanoparticles was tested .
The obtained results were discussed to clarify the components of the radioactive species that were removed and not removed using the water purifier. A pot-type water purifier, Brita Navelia (Brita Japan Co., Ltd.), was used. The filter cartridge used was the "CLASSIC" type.
Materials and Methods
The water purification involved a 4-step filtration: intensive prefiltration with a fine mesh, ion exchange filtration, activated carbon filtration, and intensive final filtration with a special finemesh filter that retains the particle mixture [5] . Before using the pot-type water purifier, pretreatment using a tap water was performed in accordance with the manufacturer's instructions .
Removal of nonradioactive iodine and iodide in an
iodine solution and radioactive species in rainwater using a pot-type water purifier A 0 .01 mM nonradioactive iodine solution was prepared and a 100 ml portion was poured into the pot-type water purifier. The absorption spectrum of the filtrate was determined using a UV-vis spectrometer (Shimadzu UV-1700) . These procedures were repeated five times using the same solution for the same water purifier. The removal rate was determined on the basis of the area of the absorption spectrum of the 0 .01 mM nonradioactive iodine solution without purification using Igor software (Wavemetrics Co ., Ltd .) .
Before and after the purification of rainwater (obtained from to the rainwater after seventh purifications (seven-times-purified rainwater (747 g)) or the rainwater after sixth purifications (six-times-purified rainwater (826 g)). Then, each mixture was poured into the pot-type water purifier. Third, 100 g of silica gel
(medium granular) was added twice to the six-times-purified water . Finally, 300 g of silica gel (particle size 75-150 µm) was packed in a glass column, into which the rainwater was poured .
Then, the water that passed through the silica column was measured using the Ge semiconductor detector . [7] were used for adsorption, and their adsorbents concentrations were sufficient for the amount of radioactive materials of the rainwater from a calculation of the iodine and iodide contents .
100 ml of rainwater (obtained from the Tokyo metropolitan area on March 22, 2011) was purified subsequently using three kinds of membrane filters (1.2, 0.45, and 0.2 µm pore sizes, Sartorius Co., Ltd.) for filtration and one (Amicon YM-100, 10 nm pore size, Millipore Co., Ltd.) for ultrafiltration. A 3 ml aliquot of each filtrate was obtained and its count rate was measured using an auto gamma counter (ARC-380, Aloka Co ., Ltd .) .
A 10 ml aliquot of the purified rainwater was used for further ultrafiltration using a membrane filter having a 2.6 nm pore size (Amicon YM-1, Millipore Co ., Ltd .) . After 3 ml of the filtrate was discarded, another 3 ml of the filtrate was obtained, and its count rate was measured using the gamma counter .
One gram of the mixed resin was added to 10 ml of the purified rainwater and was stirred ten times for 167 min for adsorption . Then, a 3 ml aliquot of the solution was obtained and its count rate was measured using the gamma counter .
Ag-Np-bound clay powder (0 .1 g) was added to 10 ml of the purified rainwater and stirred ten times for 2 h 47 min.
After the suspension was filtered using the YM-100 membrane filter, 3 ml of the filtrate was discarded, and another 3 ml of the filtrate was obtained; then, its count rate was measured using the gamma counter .
Ag + -bound Zr 2 (PO 4 ) 3 powder (0 .01 g) was added to 10 ml of the purified rainwater and stirred ten times for 2 h 47 min.
Separation of radioactive materials in rainwater by
fractionation using ultrafiltration and coagulation with silica Nps
After 490 ml of rainwater (obtained from the Tokyo metropolitan area on March 22, 2011) was filtered using the YM-100 membrane filter, a subsequent filtration using the YM-1 membrane filter was carried out. Finally, a 5 ml aliquot of the radioactive-particle-concentrated rainwater was obtained . The YM-1 filter paper was attached to an imaging plate (IP) (Fuji MS2040) for about 6 months, and the image was observed using
Fluoroanalyzer 9000 (Fujifilm Co., Ltd.). The g-ray spectrum
was determined for 281890 s using the Ge semiconductor detector. The count rates of the rainwater and filtrate were measured using the gamma counter . The rainwater was dropped on a Cu grid and dried . Transmission electron microscopy (TEM) observations were performed using Hitachi H-800 .
A 0.1 ml aliquot of silica NPs (LUDOX, HS-30, 7 nm size) was dispersed in 10 ml of distilled water, and 0 .01 M nonradioactive iodine solution was added at 1ml each time until it become light yellow while stirring with a magnetic stirrer for 2 days. Then, the light yellow suspension was filtered using the YM-10 membrane filter, which was washed with distilled water until its color did not change . Finally, 1 ml of nonradioactiveiodine-adsorbed silica Nps (I-SiO 2 Nps) was obtained . This was added to 100 ml of rainwater (obtained from Sasakino, Fukushima City on April 1, 2011) and stirred for 2 days with a magnetic stirrer. Then, it was ultrafiltrated using a YM-10 membrane filter and 3.5 ml of the rainwater was obtained. The count rates of the rainwater and the filtrate were determined using the gamma counter, and 131 I, 134 Cs, and 137 Cs were assigned using the Ge semiconductor detector .
The procedures in the above method are shown in Scheme 1 and are labeled 2-2, 2-3, and 2-4 . As shown in Fig . 1, there were three peaks at 230, 290, and 350 nm, indicating that the 0 .1 mM iodine solution was composed of I -and I 3 - [8] . The absorptions of I 2 are at 460 and 270 nm [8] .
In Fig . 1 , the absorption at 460 nm was weak because of the low concentration . After the solution was poured into the pottype water purifier, the absorbance decreased, indicating that iodide and iodine were captured by the water purifier. Five purifications were carried out and the average removal rate was Figure 2 shows a g-ray spectrum of the rainwater from Fukushima prefecture determined on April 9, 2011 . As shown in Fig . 2 [10] . Hoskins and Karanfil have reported on the removal and sequestration of iodide using silver-impregnated activated carbon [11] . Table 3 shows the total removal rates of 131 I, 134 Cs, and 137 Cs using ion exchange resin, silver ions, and silver nanoparticles .
Removal rates of 73% for the mixed ion exchange resin, 59%
for the silver ions, and 18% for the silver Nps/clay were obtained, as shown in Table 3 .
From their results, some equations were derived as follows . [12] . This almost agreed with the result for D (particle) above .
fractionation using ultrafiltration and coagulation with silica Nps Table 4 shows total removal rates 131 I, 134 Cs, and 137 Cs using filtration and ultrafiltration. As shown in Table 3 , in the case of the YM-1 filter (2.6 nm pore size), the removal rates of 131 I, 134 Cs, and 137 Cs became maximum, indicating that there are some granular substances larger than 2 .6 nm . If it was parti cles, they will become concentrated using the YM-1 filter. I in 6-times and 7-times purified rainwater minus net peak count of 131 I released) was divided by net peak counts of 131 I in 6-times and 7-times purified rainwater. Table 3 Removal rates of total 131 I, 134 Cs, and 137 Cs using ion exchange resin, silver ions, and silver Nps for rainwater sampling at Tokyo Metropolitan Area. Silver Nanoparticles (Nps) Ag Nps/Clay 18
Removal rates (%) of total 131 I, 134 Cs, and 137 Cs: (Net count rate of rainwater before each treatment minus net count rate of rainwater after each treatment was divided by net count rate of rainwater before each treatment. Table 5 shows the concentration of radioactive components obtained by ultrafiltration. First, the concentration ratio was 5.9, then, the concentration ratio decreased to 1 .4, indicating that there was soft aggregation of the aerosol . Figure 4 shows an IP image of the YM-1 filter after the above-mentioned ultrafiltration. As shown in Fig. 4 , the image is like cotton distributed around the filter surface. Table 6 were observed, which assigned to silica (SiO 2 ) (JCPDS 11-695), suggesting the presence of silica components . This indicates that silica composed of aerosol in the air adsorbed the released radioisotope, and it could not be removed by the water purifier.
This suggests that iodine molecules may adsorb on the silica Nps . Therefore, I-SiO 2 NPs were prepared by mixing the I 3 -solution and silica Nps (7 nm) to obtain I-SiO 2 Nps . Then, the I-SiO 2 Nps were dispersed in rainwater and ultrafiltrated using the YM-10 membrane filter. Table 4 . 
